Introduction {#s1}
============

The cornea is a densely innervated tissue with abundant sensory and autonomic nerve fibers involved in the homeostasis of the ocular surface. Numerous studies have shown that soluble factors released by nerves are vital for maintenance and wound healing of the corneal epithelium (See review by Müller et al. [@pone.0047716-Mller1]). However, less is known about regeneration of nerve fibers themselves following trauma or surgery. Surgery involving incisions to the cornea include corneal transplantation and refractive surgery, which cause a delay in wound healing and dry eye in a subset of patients [@pone.0047716-Aras1]--[@pone.0047716-Toda1]. Treatment strategies for these patients mainly focus on supplementing neurotrophic factors such as substance P and insulin-like growth factor 1 to the ocular surface [@pone.0047716-Chikama1], [@pone.0047716-Brown1]. Although such attempts show promising results, developing a way to promote nerve regeneration would be a more ideal approach to treating peripheral nerve damage.

Nerve growth during development is determined by guidance molecules in the embryo that provide both attractive and repulsive signals to the advancing axons. Major guidance molecules in the embryo include netrins, semaphorins and ephrins that can enhance or inhibit neuronal growth depending on the stage of development [@pone.0047716-Chisholm1], [@pone.0047716-Cook1]. Some of these factors, such as Nogo-A and myelin-associated glycoprotein are also expressed in the postnatal and adult nervous system where they are believed to play a role in nerve regeneration [@pone.0047716-Chen1]--[@pone.0047716-Schwab1]. Another such chemorepellent found in adult tissue is semaphorin 3A (Sema 3A), which is an extracellular matrix molecule that contributes to the inhibition of axonal regeneration [@pone.0047716-DeWinter1], [@pone.0047716-Pasterkamp1], and functions by binding with neuropilin-1 on growth cone filopodial tips [@pone.0047716-Nakamura1]. During development, Sema3A is involved in nerve generation by acting as a negative regulator of nerve progression into the cornea of chick embryos [@pone.0047716-Kubilus1], [@pone.0047716-Lwigale1] Tanelian et al. demonstrated that forced expression of Sema3A in corneal epithelial cells in adult rabbits caused repulsion of A-delta and C fiber trigeminal sensory afferents *in vivo* [@pone.0047716-Tanelian1]. Furthermore, Morishige et al. showed the presence of Sema3A in wing cells and basal cells of the adult rat corneal epithelium, stromal keratocytes and the corneal endothelium [@pone.0047716-Morishige1]. Recently, a selective inhibitor of Sema3A [@pone.0047716-Kikuchi1] was shown to enhance regenerative response and functional recovery in a spinal cord injury model [@pone.0047716-Kaneko1]. We therefore hypothesized that a selective Sema3A inhibitor can be used to regenerate peripheral nerves in a mouse corneal transplantation model. In this study, we examined both anatomical regeneration of the nerve network by immunohistochemistry, as well as functional recovery of the blink reflex using an esthesiometer. We also examined the effects of the Sema3A inhibitor on corneal neovascularization since Sema3A is reported to inhibit VEGF-induced neovascularization [@pone.0047716-Kaneko1], [@pone.0047716-Acevedo1].

Results {#s2}
=======

Peripheral nerve damage following transplantation {#s2a}
-------------------------------------------------

Corneal transplantation involves a 360 degree, full-thickness excision of the recipient cornea followed by suturing of the donor cornea ([Fig. 1A](#pone-0047716-g001){ref-type="fig"}). *In vivo* confocal microscopy in transplanted patients showed nerve fibers extending from the periphery towards the host-donor margin, but not beyond the donor edge ([Fig. 1B](#pone-0047716-g001){ref-type="fig"}). None of the 6 patients examined showed evidence of regenerating nerves at 3 months following transplantation.

![Peripheral nerve damage following corneal transplantation.\
Corneal transplantation in humans invovles a 360 degree full thickness incision of the cornea (A), and *in vivo* confocal micorscopy reveals recipient nerve fibers (white arrow) extending to the donor-host junction (arrow heads)(B). None of the 6 patients exmined demonstrated signs of nerve regerenation within the donor at 3 months. A murine transplantation model was developed by transplanting 2 mm wild-type donors into P0-Cre/Floxed-EGFP hosts (C) Sutures were removed after 7 days to avoid excessive inflammation (D). Peripheral nerves can be observed extending to the donor host juntion (arrow heads in E) by positive βIII tubulin staining and GFP in a magnified view (F). Dotted line in (F) shows the border of the donor and recipient cornea. Scale bar  = 50 µm in B, 500 µm in E and 100 µm in F.](pone.0047716.g001){#pone-0047716-g001}

In animal experiments, corneal transplantation in P0-Cre/Floxed-GFP mice was done with 2 mm donor buttons using 8 sutures, which were removed 7 days following surgery to avoid suture-induced secondary inflammation and neovascularization ([Fig. 1](#pone-0047716-g001){ref-type="fig"} C, D). Nerve fibers within flat mount sections of transplanted eyes can be observed by βIII tubulin staining overlapping with GFP fluorescence driven by the P0 promoter ([Fig. 1](#pone-0047716-g001){ref-type="fig"} E). After 3 weeks, GFP positive nerve fibers can be observed regenerating from truncated nerve terminals into wild-type donor corneas, whose nerve do not express GFP ([Fig. 1F](#pone-0047716-g001){ref-type="fig"}).

The Sema3A inhibitor SM-345431 enhances peripheral nerve regeneration {#s2b}
---------------------------------------------------------------------

P0-Cre/Floxed-GFP mice used as transplant hosts show GFP positive peripheral nerves within the corneal stroma ([Fig. 2A](#pone-0047716-g002){ref-type="fig"}), while the basal and suprabasal epithelial cells express Sema3A ([Fig. 2B](#pone-0047716-g002){ref-type="fig"}). The corneal endothelium also expressed low levels of Sema3A. Line tracings of GFP + nerves 3 weeks following transplantation of wild type donor corneas show a robust network of nerves extending into the donor cornea in SM-345431-treated mice ([Fig. 2](#pone-0047716-g002){ref-type="fig"} C, D). However, nerve regeneration was limited to the peripheral cornea in untreated mice ([Fig. 2](#pone-0047716-g002){ref-type="fig"} E, F). Semi-quantitative analysis of regenerating nerve length showed significantly higher nerve growth in the SM-345431 treated group compared to untreated control ([Fig. 3A](#pone-0047716-g003){ref-type="fig"}). Furthermore, corneal sensitivity was compared using the Cochet-Bonnet esthesiometer which measures the amount of stimulation required for a blink reflex. By 3 weeks following transplantation, corneal sensitivity was higher in the SM-345431 treated group compared to untreated control ([Fig. 3B](#pone-0047716-g003){ref-type="fig"}). Post-operative treatment with SM-345431 promoted both peripheral nerve growth and recovery of corneal sensitivity in mice following complete excision of nerves by full-thickness corneal transplantation.

![SM-345431 enhances nerve regeneration into the donor cornea.\
Peripheral nerves in the cornea of P0-Cre/Floxed-EGFP mice can be observed by GFP fluorescence (A), and immunohistochemisty of a 40 µm-thick frozen section shows the expression of Sema3A in the basal and suprabasal layers of the corneal epithelium (B, red) and GFP-positive major nerve fibers running through the corneal stromal layer under the epithelium (B, Green). Scale bar  = 500 µm in A, 100 µm in B. GFP and βIII tubulin double-positive nerve fibers extending into the donor cornea were traced on an image processing software. The SM-345431-treated group showed a more robust network of regenerating nerves (D, F) compared to vehicle control (C, E).](pone.0047716.g002){#pone-0047716-g002}

![SM-345431 enhances the corneal blink reflex.\
The extension of nerve regeneration in the SM-345431 treated-group was significantly greater than control as measured by the total pixel count of traced axonal growth (A). In order to semi-quantitatively measure corneal sensation, a Cochet-Bonnet esthesiometer was used to measure the length of filament required to elicit a blink reflex. Three weeks postoperatively, the Sema3A inhibitor-treated group showed significant improvement in corneal sensitivity compared to the control group (B).](pone.0047716.g003){#pone-0047716-g003}

Effect of SM-345431 on neovascularization {#s2c}
-----------------------------------------

Sema3A is known to inhibit VEGF-induced neovascularization by competing with VEGF for binding to their common receptor, neuropilin-1 (NP-1) [@pone.0047716-Acevedo1]. Furthermore, SM-345431 acts directly on Sema3A to inhibit the binding of Sema3A to NP-1 (Cho et al., in preparation). Therefore, inhibition of Sema3A may induce vessel growth into the cornea. Since the cornea is an avascular tissue, neovascularization would be a deleterious side effect of SM-345431. We found that at least in doses used in our experiments, there was a slight increase in vessel growth within the donor cornea compared to control, however, the difference was not statistically significant ([Fig. 4](#pone-0047716-g004){ref-type="fig"}). Peripheral invasion of some new blood vessels were expected since sutures are often used as an inducer of neovascularization in the mouse cornea [@pone.0047716-Stuart1].

![SM-345431 does not induce angiogenesis.\
Sema3A is also known to suppress VEGF-induced neovascularization. In order to examine possible angiogenesis by inhibiting Sema3A, neovascularization in the transplanted grafts were quantified by anti-CD31 immunostaining (A, B) and image tracing (C, D). There was no significant difference in vascular area between the two groups (E). Scale bar  = 500 µm in A, B.](pone.0047716.g004){#pone-0047716-g004}

Effect of SM-345431 on corneal epithelial cells {#s2d}
-----------------------------------------------

Since Sema3A was expressed predominantly by the corneal epithelium, we observed the effects of SM-345431 on cultured corneal epithelial cells using an established murine corneal epithelial cell line [@pone.0047716-Kawakita1]. We found that SM-345431 showed a slight dose-dependent inhibition on cell proliferation ([Fig. 5A](#pone-0047716-g005){ref-type="fig"}), although no deleterious effects were observed in the *in vivo* experiments. There was no effect on Sema3A production by epithelial cells ([Fig. 5](#pone-0047716-g005){ref-type="fig"} B, C) and cell viability was not affected by the dose of SM-345431 used in the study ([Fig. 5D](#pone-0047716-g005){ref-type="fig"}).

![SM-345431 inhibits epithelial cell proliferation but does not affect cell viability or Sema3A production.\
Since the corneal epithelium was the predominant source of Sema3A in the cornea, the effect of SM-345431 on cultured murine corneal epithelial cells were observed. There was a slight dose-dependent inhibition on cell proliferation (A) (n = 5, \*, \*\*P\<0.05, One way ANOVA followed with Scheffe\'s F test). However, there was no effect on Sema3A production observed by western blot (B, C) or on cell viability under the dose used in the *in vivo* experiments.](pone.0047716.g005){#pone-0047716-g005}

Discussion {#s3}
==========

Sema3A is an extracellular matrix molecule that is expressed in the mouse cornea during development [@pone.0047716-Ko1], as well as in the adult corneal in rats [@pone.0047716-Morishige1] and cultivated human corneal fibroblasts [@pone.0047716-Ko2]. The role of Sema3A in the adult cornea is unknown, although reports have suggested a role in epithelial wound healing [@pone.0047716-Morishige2]. Cao et al. found a 10-fold increase in corneal Sema3A expression in a mouse wound healing model [@pone.0047716-Cao1]. However, the most studied function of Sema3A is its effect on axonal growth during development and wound healing, and therefore, a similar role is to be expected in the cornea. We found that the selective Sema3A inhibitor SM-345431 enhanced nerve regeneration following corneal transplantation, which more importantly, was accompanied by recovery of corneal sensation. The clinical implications of this are large since there are no other methods to promote such recovery in the cornea, which is one of the most richly innervated tissues of the body.

Decreased corneal nerve sensation is associated with complications due to diabetes mellitus [@pone.0047716-Rosenberg1], herpes simplex viral infection [@pone.0047716-Gallar1] and trauma including surgical intervention. Neurotrophic ulcers due to decreased sensation in patients following corneal transplantation is a serious complication that can lead to corneal melting and eventual failed grafts [@pone.0047716-Halberstadt1]. Corneal sensation also plays a role in basal tear secretion [@pone.0047716-Afonso1]. Dry eye due to decreased tear secretion is a major complication after laser-assisted in situ keratomileusis (LASIK) surgery for myopia, where most of the superficial corneal nerve fibers are severed during surgery [@pone.0047716-Aras1], [@pone.0047716-BenitezdelCastillo1]. Over one million cases of LASIK are performed every year in the United States alone, and tear secretion in these patients do not recover for up to one year following surgery [@pone.0047716-Toda1]. The only therapeutic agents available for these patients are tear supplements and lubrication.

Previous attempts to treat hypoesthesia include supplementing growth factors and humoral factors associated with nerves such as substance P [@pone.0047716-Chikama1], [@pone.0047716-Brown1]. While such attempts seem successful, regenerating nerve function would be ideal in terms of functional recovery. Hypersensitivity to pain, or abnormal pain sensation (allodynia) may be a complication of enhanced innervation by sensory nerves. This is an aspect of the drug that requires further investigation. However, an analogue of SM-345431 did not induce signs of allodynia in a spinal cord injury model [@pone.0047716-Kaneko1].

Another possible undesirable effect of Sema3A inhibitors is the promotion of vessel growth into the clear cornea. Sema3A inhibits VEGF-induced angiogenesis *in vivo* [@pone.0047716-Acevedo1], and therefore, the use of an inhibitor of Sema3A may cause vessels to invade the cornea. Fortunately, we found that vessel growth was limited to the periphery, with no significant difference compared with control mice. Avascularity of the cornea is regulated by several intrinsic factors such as endostatin, thrombospondins 1 and 2, angiostatin and matrix metalloproteinases (MMPs) [@pone.0047716-Chang1]--[@pone.0047716-Maddula1]. Therefore, a redundant mechanism may exist to counteract any effects of SM-345431 on angiogenesis.

Selective regeneration of nerves may make SM-345431 an ideal drug for the treatment of cornea neurotrophic disease. While our experiments were done by injecting SM-345431 subconjunctivally, the next step would be to formulate a drug that can be applied topically in the form of eye drops or ointments. Drug delivery should not be a problem since neurotrophic corneas have delayed wound healing and impaired epithelial tight junctions often observed clinically by the diffusion of fluorescent diagnostic dyes into the subepithelial stroma. Concomitant use of neurotrophic factors in addition to SM-345431 may also enhance further axonal growth [@pone.0047716-Cai1]. The cornea is also rich in chondrotin sulfate proteoglycans, another extracellular matrix molecule known to inhibit axonal regeneration [@pone.0047716-Morgenstern1]. The use of chondroitinase may also enhance the effects of SM-345431 [@pone.0047716-Bradbury1]. Other neuro-regulatory molecules studied in other organs may also play a role in nerve regeneration in the cornea. Both netrin-4 and ephrins-A1 were reported to inhibit epithelial cell proliferation [@pone.0047716-Li1], [@pone.0047716-Kaplan1], however, their role in nerve homeostasis remains to be evaluated. In conclusion, our study shows that Sema3A plays a role in the suppression of peripheral nerve regeneration in the cornea and that SM-345431 may be a novel therapeutic agent for treating neurotrophic corneal disease.

Materials and Methods {#s4}
=====================

Preparation of SM-345431 {#s4a}
------------------------

SM-345431 (vinaxanthone), a small molecular Sema3A inhibitor was isolated from the cultured broth of a funbus *Penicillium* sp. Strain SPF-3059. The detail procedure for the fermentation and purification were described previously [@pone.0047716-Kumagai1]. To confirm the inhibitory activity, the Sema3A-induced growth cone collapse assay was employed. The detail of the assay was described in the same report.

*In Vivo* Laser Scanning Confocal Microscopy {#s4b}
--------------------------------------------

*In vivo* laser scanning confocal microscopy (Rostock Corneal Software Version 1.2 of the Heidelberg Retina Tomograph II; RCM/HRT II; Heidelberg Engineering GmbH, Dossenheim, Germany) was performed on 6 patients of corneal transplantation preoperatively and 3 months postoperatively. After the administration of topical anesthesia with 0.4% oxybuprocaine, the subject\'s chin was placed in a chin rest. The objective of the microscope was an immersion lens covered by a polymethylmethacrylate cap (Tomo Cap; Heidelberg Engineering GmbH). Comfort gel (Bausch&Lomb, GmbH, Berlin, Germany) was used as a coupling agent between the applanating lens cap and the cornea. The laser source used in the HRTII/RCM is a diode laser with a wavelength of 670 nm. The laser confocal microscope provides images that represent a coronal section of the cornea of 400×400 µm, which is 160,000 µm^2^, at a selectable corneal depth and is separated from adjacent images by approximately 1 to 4 µm and lateral resolution of 1 µm/pixel. Digital images were stored on a computer workstation at 30 frames/second.

Murine transplantation model {#s4c}
----------------------------

Transgenic mice expressing Cre recombinase under control of the P0 promoter (P0-Cre) [@pone.0047716-Yamauchi1] were mated with EGFP reporter mice (CAG-CATloxP/loxP-EGFP) [@pone.0047716-Kawamoto1] to obtain P0-Cre/Floxed-EGFP transgenic mice. Adult wild-type ICR mice were purchased from CLEA Japan. All mice were used at 8 to 12 weeks of age. Each mouse was anesthetized by intramuscular injection of a mixture of 3.75 mg ketamine and 0.75 mg xylazine before all surgical procedures. All aspects of animal care and treatment were carried out according to the guidelines of the experimental animal care committee of Keio University, School of Medicine.

Penetrating keratoplasty was performed on P0-Cre/Floxed-EGFP transgenic mice. Donor corneas 2 mm in diameter were excised from wild type ICR mice and placed in the same sized recipient bed, and secured with eight interrupted sutures (11-0 nylon). Sutures were removed at 7 days after grafting. The Sema3A inhibitor (0.1 mg/mL) was diluted with 0.4% betamethasone and administered every two days by subconjunctival injection. To the control group, only betamethasone without the inhibitor was administered. They were followed up for three weeks postoperatively by slit lamp microscopy.

Immunohistochemistry for semaphorin3A {#s4d}
-------------------------------------

Eyes were frozen in OCT compound immediately after enucleation and were sectioned at a thickness of 5 mm. The frozen sections were air dried, fixed in 4% paraformaldehyde (PFA; Wako Ltd., Osaka, Japan) for 10 minutes, and then incubated in fixative (Morphosave; Ventana Medical Systems, Tucson, AZ) for 15 minutes. Blocking was performed with 10% normal donkey serum in phosphate-buffered saline (PBS) for 30 minutes. Sections were then incubated with Sema3A primary antibody (rabbit, Abcam, Cambridge, UK) for 1 hour at room temperature. Immunoreactivity of primary antibodies was visualized with secondary antibody conjugated with Cy3 (Chemicon International, Temecula, CA). After they were washed with PBS, the sections were mounted (Permafluor; Beckman Coulter Inc., Miami, FL). Images were observed by a microscope (Axio Imager; Carl Zeiss Inc., Oberkochen, Germany) equipped with a digital camera (Axiocam; Carl Zeiss).

Quantification of corneal re-innervation and neovascularization {#s4e}
---------------------------------------------------------------

All mice were sacrificed 3 weeks after surgery. Whole corneas were fixed in 4% PFA for 30 minutes at room temperature. Corneas were excised under a surgical scope and washed with PBS. PFA-fixed corneas were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, St. Louis, MO). Blocking was achieved with 2-hour incubation in 10% normal donkey serum. Corneas were incubated with anti βIII-tubulin (rabbit, SIGMA) or anti CD31 (rat, Becton Dickinson, Franklin Lakes, NJ) primary antibodies for 2 hours at room temperature. After three washes in PBS, corneas were incubated in donkey anti-rabbit secondary antibody conjugated to Cy3 (Chemicon International) for 2 hours at room temperature. After four relaxing radial incisions were made, the corneas were coverslipped with mounting medium (Permafluor; Beckman Coulter) and imaged with a fluorescence microscope (Axio Imager; Carl Zeiss Inc., Oberkochen, Germany). The fields of view at the level of the sub-basal corneal nerve plexus or neovessels were photographed with both GFP and Cy3, or FITC filters respectively (Axiocam; Carl Zeiss). Nerve fibers and neovessels in a corneal graft were traced and the length was calculated with commercial software (Photoshop; Adobe Systems, San Jose, CA) by counting all the pixels of the traced line.

Measurement of corneal sensitivity {#s4f}
----------------------------------

Blink reflex was tested once a week postoperatively using Cochet-Bonnet esthesiometer (Handaya, Japan). Unanesthetized mice were held by the scruff of the neck under a dissecting microscope and touching the center of the corneal graft with a nylon filament.

Cell proliferation and viability assay {#s4g}
--------------------------------------

A mouse corneal epithelial cell line (TKE2) was maintained in serum free low calcium medium (defined keratinocyte SFM, Gibco, Life Technologies Corporation, Carlsbad, CA) as described previously [@pone.0047716-Kawakita1]. For the cell proliferation assay, cells (1×10^4^/well) were subcultured in 96 well plates. On the following day, cells were treated with 10-fold serial concentration of SM345431 (0.01--1.0 mg/mL) for 1 day. After rinsing two times with PBS, cells were incubated with medium containing WST-1 assay solution (Takara Bio Inc., Shiga, Japan) for 2 hours. Supernatants were moved to new wells, and absorbance at 450 nm with a reference wavelength at 620 nm was measured by micro-plate reader. For the cell viability assay, cells were cultured in 25 cm^2^ flasks until they reached 50% confluence, and treated with 0.1 mg/mL SM-345431 for 1 day. Cells were dissociated by enzyme treatment (TrypLE Express, Gibco) and dead cells were stained with trypan blue (final 0.25%). Number of viable cells and dead cells were counted by hematocytemeter.

Western blot analysis {#s4h}
---------------------

Semi-confluent TKE2 cells in 100 mm dish were treated with 0.1 mg/mL SM-345431 for 1 day. Medium containing the same amount of PBS (final 1%) was used as control. Cells were rinsed with PBS twice, and dissolved in lysis buffer (M-PER, Thermo Fisher Scientific, Waltham, MA) with protein inhibitor cocktail (final 1%, Thermo Fisher). Western blot analysis was performed by using standard protocols with primary antibodies for β actin (rabbit, Abcam) and Sema3A. Chemiluminescence intensity was measured using a CCD camera system (ImageQuant LAS 4000 mini, GE Healthcare, Piscataway, NJ) with analyzing software (ImageQuant TL, GE healthcare).

Statistical Analysis {#s4i}
--------------------

All results were expressed as mean ± SD. Values were processed for statistical analyses (Mann-Whitney U test, unpaired Student\'s t-test or one way ANOVA followed with Scheffe\'s F test) and differences were considered statistically significant at P\<0.05.
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